Mutation is the underlying force that provides the variation upon which evolutionary forces can act. It is important to understand how mutation rates vary within genomes and how the probabilities of fixation of new mutations vary as well. If substitutional processes across the genome are heterogeneous, then examining patterns of coding sequence evolution without taking these underlying variations into account may be misleading. Here we present the first rigorous test of substitution rate heterogeneity in the Drosophila melanogaster genome using almost 1500 nonfunctional fragments of the transposable element DNAREP1_DM. Not only do our analyses suggest that substitutional patterns in heterochromatic and euchromatic sequences are different, but also they provide support in favor of a recombination-associated substitutional bias toward G and C in this species. The magnitude of this bias is entirely sufficient to explain recombination-associated patterns of codon usage on the autosomes of the D. melanogaster genome. We also document a bias toward lower GC content in the pattern of small insertions and deletions (indels). In addition, the GC content of noncoding DNA in Drosophila is higher than would be predicted on the basis of the pattern of nucleotide substitutions and small indels. However, we argue that the fast turnover of noncoding sequences in Drosophila makes it difficult to assess the importance of the GC biases in nucleotide substitutions and small indels in shaping the base composition of noncoding sequences.
M
UTATION is the substrate of evolution; it creates by selective forces specific to their functional capacity. In the variation upon which evolutionary forces will some cases, such selective effects are well known, such as ultimately act. With every novel mutation there is an those related to maintenance of the integrity of proteinassociated probability of fixation, which may be affected coding sequences, but many other, possibly more subtle, by neutral forces, such as random genetic drift or biased patterns are likely yet to be discovered. gene conversion, or selective forces. Both mutation rates
In this context, the study of the background patterns and fixation probabilities of new mutations may vary of substitution not only is interesting in its own right, but across the genome, which may play a role in generating also should help us rigorously define null hypotheses patterns of extant sequence variation. One of the goals against which we can compare patterns of substitution of genomic biology is to understand how heterogeneity found in functional sequences such as genes. This, in in evolutionary forces such as mutation, drift, biased gene turn, should help us identify selective forces that act conversion, and selection can actively shape genome sewithin genes and thereby understand which genic feaquences and structure.
tures are of functional significance. The evolution of both functional and nonfunctional seIn this genomic age, the need for careful quantificaquences might be modulated by any or all of these forces, tion of background substitutional patterns has become though perhaps to different extents. It is likely that mutaparticularly acute. More and more studies compare pattional patterns and rates are going to be comparable in terns of evolution among genes scattered across the both functional and nonfunctional regions of the genome.
genome. Differences among these genes in nucleotide It is also probable that certain fixation biases, for example, or protein evolution are often interpreted as indications due to biased gene conversion or selection at the level of of differences in gene function or in the strength of global GC content, will affect functional and nonfuncnatural selection acting on functions encoded in genic tional sequences in a similar way. However, in addition to sequences. However, systematic differences in backthese background patterns of substitutions, functional ground substitutional patterns among genomic regions sequences are likely to have unique fixation biases driven may also exist. The background rates and patterns of substitutions may be different between euchromatic and heterochromatic sequences, for instance, or among ge-1 tematic errors into our understanding of the evolution able elements in the human genome have allowed a very precise spatial (at a 1-Mbp resolution) and temporal characof coding sequences.
Studying molecular evolution across gradients in reterization (over the last 250 Myr) of the patterns of background substitution through the comparative analysis combination rate provides a particularly challenging and illustrative example. In many genomes recombinaof multiple paralogous copies of inactive transposable elements (Arndt et al. 2003b) . Unfortunately, in species tion rate varies substantially (Nachman 2002; McVean et al. 2004) . There are theoretical reasons to believe with smaller genomes, such as in Drosophila, pseudogenes and inactive copies of transposable elements are (Hill and Robertson 1966) and empirical data to suggest (Begun and Aquadro 1992; Aquadro 1997) that generally rare, most likely because they are lost very rapidly through frequent small deletions (Petrov et al . genes located in regions of reduced recombination are subject to weaker purifying selection and less effective 1996; Petrov 2002).
To circumvent this problem, one could analyze multipositive selection as compared to genes in regions of high recombination. In regions of low recombination, ple families of transposable elements (Blumenstiel et al. 2002) . While overall background substitutional biases multiple selected variants should interfere with one another's population dynamics, effectively making populacan be investigated using this approach, there is a possibility that different transposable elements evolve in tion processes more stochastic. This increased stochasticity is akin to a virtual decrease of the effective population slightly different ways. Moreover, because different families of transposable elements have different transposisize in regions of low recombination, which makes it very tempting to study molecular evolution along a recombinational histories, with elements transposing at varied times on an evolutionary timescale, it is difficult to ascertion gradient within a single species. In using recombination rate as a proxy for effective population size, we can tain whether a particularly diverged copy of a transposable element is located in a region of elevated backexamine the effects of effective population size on rates of molecular evolution while still effectively controlling ground substitution rate or whether it simply inserted prior to other copies. Accordingly, an aggregate analysis for population and evolutionary history in a way that would be virtually impossible in a comparison of two of background rates of nucleotide substitutions across different families of transposable elements is difficult. different species.
However, it is not immediately clear that background A recent examination of the Drosophila melanogaster genome revealed a DNA element, DNAREP1_DM, that patterns of substitution are independent of recombination rate. For instance, recombination itself may be mutagenic.
is present at an unusually high copy number for this species (Kapitonov and Jurka 2003) . This element apNot only would this increase the rate of substitution in sequences located in regions of high recombination, but pears to be a nonautonomous derivative of a Penelopelike element and there are several thousand copies of also if recombination-associated mutations were biased, this could change the pattern of substitutions among dif-DNAREP1_DM scattered across the genome (Kapitonov and Jurka 1999, 2003) . In addition, previous analyferent recombination regimes. Moreover, higher rates of recombination may lead to higher rates of gene converses of this element (Kapitonov and Jurka 1999, 2003; Singh and Petrov 2004) revealed that DNAREP1_DM sion. To the extent that gene conversion is biased, this could systematically alter fixation probabilities of some was mobilized in a burst of transposition ‫5ف‬ MYA and has remained inactive ever since. As a result, examinamutations with respect to recombination rate. As a result, it is no longer sufficient to simply correlate changes tion of this element allows the first comprehensive analysis of background rates and patterns of nucleotide subin genic evolution with recombination rate and ascribe functional significance to those changes. Rather, to be stitutions in D. melanogaster. We used this unique (for Drosophila) data set of rigorous in our treatment of coding sequence evolution, we must quantify variation in background substitutional DNAREP1_DM transposable element fragments to test for variation in background substitution rates associated patterns associated with recombination and test for deviations from those patterns to identify features of genic with recombination on the autosomes of D. melanogaster. Our results revealed systematic variation in background sequences that are uniquely under selection for function.
substitution patterns between heterochromatic and euchromatic sequences and provided evidence that backTo quantify background rates and patterns of nucleotide substitutions, we need a collection of fairly similar ground substitutional patterns are biased toward G's and C's in regions of higher recombination. We also show that sequences scattered across the genome that are unlikely to be participating intimately and essentially in gene the GC content of noncoding sequences within the D. melanogaster genome is not in equilibrium with respect to function. It is also preferable to know in each case the ancestral sequence so that we can infer the number and the pattern of single-nucleotide substitutions, as current GC content appears to be consistently higher than exdirection of evolutionary changes. In large genomes we can often use pseudogenes or inactive copies of particupected under patterns of background substitution. Having quantified variation in background patterns lar families of transposable elements to accomplish this goal. Indeed, the truly vast numbers of inactive transposof substitution associated with recombination rate, we Background Substitutional Patterns in Drosophila is homogeneous along the element, we partitioned the conseninvestigated whether the positive correlation between sus sequence into four equal-length segments and tested codon bias and recombination rate unique to the au- 
2002). Our results do not suggest that codon bias in D.
We use the 12 rate estimates of substitution frequencies for all of our analyses except our mathematical model of codon melanogaster is not shaped by selection on translational bias evolution, in which we assume strand complementarity efficiency but instead suggest that to the extent that and accordingly use the 6 rate estimates.
selection shapes codon frequencies in D. melanogaster,
Since we have only a finite amount of sequence data from the efficacy of this selection is not noticeably reduced which to estimate the substitution frequencies, these estimates in areas of low recombination.
will be affected by statistical errors; we can estimate these errors by bootstrapping our data set. For a category with a total of N aligned base pairs we resample the data, drawing randomly and with replacement N pairs of aligned ancestral MATERIALS AND METHODS and daughter nucleotides. From this resampled sequence data we estimated the substitution frequencies and the GC content Sequence retrieval and partitioning: Extant copies of the as above. We repeat this resampling procedure M times and nonautonomous transposable element DNAREP1_DM were from the M estimates of the above quantities calculate their retrieved from the D. melanogaster genome using default pastandard deviation, which gives the statistical error due to the rameters in the standalone implementation of BLASTN. The query sequence for our BLAST search was the reported 594-bp limited amount of sequence data. In our case, we found that M ϭ 500 samples is sufficient to estimate those errors. consensus sequence for this element (Kapitonov and Jurka 1999) , and this was queried against the individual chromoInsertion and deletion analysis: For each BLAST hit, we concatenated all deleted bases (present in the ancestral but somal arms of the autosomes of the D. melanogaster genome (FlyBase version 3.2) with a [5, Ϫ4] scoring matrix. All BLAST missing in the daughter fragment) as well as all inserted bases (present in the daughter but missing in the ancestral fraghits not located in telomeric regions and Ͼ100 bp were included in our data set, and overlapping hits were merged. ment). If the combined length of the insertions or deletions for an individual hit was Ն10 bp, we calculated the GC content BLAST hits that were found in contigs 2h and 3h were designated as heterochromatic elements, while the remaining hits of the combined insertion and deletion (indel) event. To estimate a bias in the base composition of insertions or delewere classified as euchromatic.
Euchromatic copies of DNAREP1_DM were partitioned furtions, we compared the GC content of the inserted bases to the GC content of the aligned region in the daughter fragment ther into six categories: intron, 5Ј-UTR, 3Ј-UTR, upstream, downstream, and remaining, describing hits that fell within introns, and the GC content of the deleted bases to the GC content of the aligned region in the ancestral fragment. 5Ј-untranslated regions, 3Ј-untranslated regions, within 1000 bp upstream of a gene, within 1000 bp downstream of a gene, Recombination rate estimation: A list of all 615 genes that had been localized in both the physical and genetic maps in and all remaining hits, respectively. Within each of these categories, copies of DNAREP1_DM were separated into two reRelease 3 of the D. melanogaster genome was kindly provided by FlyBase (D. Sutherland, personal communication) . Genes combination categories, low and high, based on calculations described below. For each of our categories (heterochromatin, mapped to the X chromosome were excluded, and the recombination rates within heterochromatin and on the fourth chrointron low recombination, etc.) all extant fragments of this element were concatenated, as were the ancestral sequences mosome were considered to be zero. Using only genes in the euchromatic portions of the autosomes, a third-order polynofor those fragments. The concatenated daughter sequence was compared to the concatenated ancestral sequence to calculate mial curve was fitted to the genetic distance as a function of physical distance for each chromosomal arm (R 2 Ն 0.96 for rates of nucleotide substitution.
Estimation of substitution frequencies: We first confirmed all arms), and recombination (centimorgans per megabase) was calculated as the derivative of this polynomial at a given that all of the bases of the transposable element DNAREP1_DM were roughly equally diverged from their consensus in all nucleotide coordinate. Recombination rates estimates for any locus in the D. melanogaster genome are available at http:/ / observed copies of the element. We defined divergence of an individual base as the number of observed changes at this cgi.stanford.edu/‫ف‬lipatov/recombination/recombinationrates.txt. position normalized by the number of instances this position is found in all the retrieved fragments. To test if the divergence
The recombination rate of each copy of DNAREP1_DM was melanogaster genome, based on the 615 genes in Release 3 of the genome sequence, which have been localized on both genetic and physical maps. A third-order polynomial curve mapping the genetic location onto the physical location is also represented. N, the numbers of genes from which the curve was derived; outliers, the number of genes excluded from the analysis.
estimated from the derivative of the polynomial curve using genes several transcripts were listed, and for these genes we included only the first transcript listed in our data set, and the midpoint of the element's sequence coordinates on the chromosome. Euchromatic copies were binned into two cateboth the protein length and codon bias estimates are based solely on this first listed transcript. For each autosomal gene gories of recombination rate: those hits with recombination estimated as Յ2.3 cM/Mb were classified as "low recombinawe calculated overall optimal codon frequencies as defined by Duret and Mouchiroud (1999) in addition to calculating tion" and those hits where recombination was calculated to be strictly Ͼ2.3 cM/Mb were classified as "high recombination," individual codon frequencies for genes Ͼ200 amino acids in length (n ϭ 8308). Finally, for 9 amino acids we calculated following a previously reported recombination cutoff (Marais et al. 2001) .
the mean and standard error of individual codon frequencies of genes in both low-and high-recombination areas and used GC content of noncoding regions: For each gene on the autosomes of the D. melanogaster genome, we retrieved all these distributions of codon frequencies in the following model as appropriate to test for selection. intronic sequence, provided that the combined length of all introns for a particular gene exceeded 200 bp. In addition, Model of codon bias evolution: We developed a simple model of codon bias evolution that can be applied to amino we retrieved both 5Ј-and 3Ј-untranslated regions for all genes, provided that these regions exceeded 200 bp. We also reacids encoded by only two codons, for which one codon is optimal and the other is nonoptimal. There are nine such trieved 1000 bp "upstream" sequence for genes that were separated by Ͼ2 kb from their nearest neighbor 5Ј of their amino acids: lysine, asparagine, aspartic acid, glutamine, glutamic acid, histidine, tyrosine, cysteine, and phenylalanine. In transcription start site, as well as 1000 bp "downstream" sequence for genes that were separated by Ͼ2 kb from their all cases, optimal codons end in G or C while nonoptimal codons end in A or U, respectively. For the purpose of this explanation, nearest neighbor 3Ј of the transcription termination site. Finally, we retrieved all "remaining" sequence that was Ͼ1 kb we examine the case where the optimal codon ends in G and the nonoptimal codon ends in A. The most basic substitution away from transcribed sites (and thereby not included in our upstream or downstream categories). GC-content of each fragmodel is G:C nopt ϫ nopt Ͼ A:T and A:T opt ϫ opt Ͼ G:C, where nopt is the substitution rate to a nonoptimal codon and nopt ment in our intron, 5Ј-UTR, 3Ј-UTR, upstream, downstream, and remaining categories was estimated excluding any N's in is the probability of fixation of such a substitution, while opt and opt are the substitution rate to the optimal codon and the sequence.
Coding sequences and codon usage: We retrieved coding the probability of fixation of such a substitution, respectively. At equilibrium, we expect G ϫ nopt ϫ nopt ϭ A ϫ opt ϫ opt . sequences for all autosomal genes (n ϭ 10,481) in Release 3.2 (FlyBase) of the D. melanogaster genome that were not If we define ϭ nopt / opt , then ϭ (A ϫ opt )/(G ϫ nopt ). Since we have distributions of A and G (from the 8308 autosolocated in telomeric regions (sections 21, 60-61, and 100) as defined by Bridges (1935) . Genes mapped to heterochromal genes), and opt and nopt (from our substitutional rate data assuming strand complementarity), we can draw from matic contigs were not included in our analysis. For some 
2003; Hey and Kliman 2002).
Distribution and abundance of DNAREP1_DM:
these distributions to obtain a distribution for . We sampled Using BLAST parameters outlined in materials and methods, we retrieved 1456 fragments of DNAREP1_DM RESULTS from the autosomes of the D. melanogaster genome, which correspond to Ͼ230 kb of sequence (Table 1 ). These Recombination rates: We estimated recombination as fragments are not evenly distributed across the genome a continuous variable for chromosome arms 2L, 2R, 3L, and are preferentially located in regions of low recombiand 3R. We used all genes (615) that are localized on nation (Figure 2 ). This element was found on all chroboth genetic and physical maps (Release 3) of the D.
mosomes, and once we partitioned the hits on the basis melanogaster genome and fit the genetic position (centiof their proximity to genes, it became clear that not morgans) to the physical location (megabases) using a only were some hits in putative upstream or downstream third-order polynomial curve (Figure 1) . Genes localized regulatory regions (1000 bp 5Ј or 3Ј of a transcribed to the X chromosome, fourth chromosome, or heteroregion) but also some hits were found within noncoding chromatic sequence were not included in our analysis.
sequences of genes (Table 1) . Copies inserted into inWe identified three, three, two, and three outliers on trons were significantly more likely to fall on the antichromosome arms 2L, 2R, 3L, and 3R, respectively, by sense strand than on the sense strand (P ϭ 0.001, G-test), visual inspection and removed these genes from our while elements in 5Ј-or 3Ј-untranslated regions did not analysis. For chromosome arms 2L, 2R, 3L, and 3R there show this bias. Like elements in UTRs, elements inserted were 105, 108, 88, and 134 genes that were used to in upstream and downstream regions of autosomal generate the polynomial curve, respectively, and the genes showed no strand asymmetry relative to the direcpolynomial curve fit these genes quite well in all cases: R 2 Ն 0.96 for all chromosome arms. Recombination was tion of transcription of neighboring genes.
Background substitutional patterns of noncoding sequences: Our previous results strongly suggested that DNAREP1_DM went through a single major burst of transposition ‫5ف‬ MYA and has remained inactive ever since (Singh and Petrov 2004) . We therefore assumed a star-like phylogeny of DNAREP1_DM elements whereby each copy has been evolving independently since the time of its insertion. We assumed that the consensus sequence of all current DNAREP1_DM copies is a fair approximation of the ancestral DNAREP1_DM sequence. To infer background patterns of nucleotide substitutions in different types of noncoding DNA sequences on the au- multiple hits we employed a maximum-likelihood approach (Arndt et al. 2003b ). We estimated rates for each of 12 nucleotide substitutions in areas of high substitutional spectrum among heterochromatin, lowand low recombination for intron, UTR, upstream, and recombination areas of euchromatin, and high-recomdownstream regions of genes, as well as euchromatic bination areas of euchromatin. GC* of heterochromatic sequence Ͼ1 kb away from a gene. We similarly estiregions (31.5%) was significantly lower than GC* of lowmated these substitutional rates for heterochromatic recombination areas of euchromatin (33.0%; P ϭ 0.006, sequences. Additionally, as an internal control, we estione-tailed t-test) and the GC* of low-recombination armated rates of CpG (CG → CA and CG → TG) substitueas of euchromatin was nearly significantly lower than tions. Three low-complexity regions of the consensus GC* of high-recombination areas (35.0%, P ϭ 0.055, sequence were filtered out of our analyses: bases 119-one-tailed t-test) (Figure 3 ). 151 (33 bp), 242-279 (38 bp), and 482-504 (23 bp).
To understand the underlying forces responsible for However, among the remaining sections of the element, these differences in GC*, we more closely analyzed the we did not find any substantial variability in base compodifferences in substitutional spectra among heterochrosition or substitution rate among different regions of matin, low-recombination areas of euchromatin, and DNAREP1_DM (data not shown).
high-recombination areas of euchromatin. Overall, the We employed a hierarchical approach to investigate substitutional profiles for these three recombination heterogeneity in background substitutional patterns regimes appear quite similar (Figure 4 ). While total across the autosomes of the D. melanogaster genome.
substitution rate did increase with increased recombinaFirst, we compared the substitutional profiles among tion rate, this increase was not statistically significant; elements inserted into introns, UTRs, upstream, downtotal substitution rates for heterochromatin, low-recomstream, and remaining regions within low-and highbination areas of euchromatin, and high-recombination recombination categories. We defined low recombinaareas of recombination are 0.719, 0.725, and 0.737, retion as Յ2.3 cM/Mb following a previously reported spectively (P ϭ 0.43 for heterochromatin vs. low-recomrecombination rate cutoff (Marais et al. 2001) . To test bination euchromatin and low-recombination euchrofor rate heterogeneity among noncoding sequence matin vs. high-recombination euchromatin, one-tailed types within these recombination regimes, we opted to t-test). One nucleotide substitution's rate was signifiuse the predicted equilibrium GC content (GC*) as a cantly different in one comparison: the rate of A-to-G proxy for the overall substitutional pattern to reduce substitutions was significantly higher in low-recombinathe number of comparisons. For both low-and hightion areas of euchromatin as compared to heterochrorecombination areas, there were no significant differmatin (P Ӷ 0.05, Bonferroni-corrected two-tailed t-test). ences in GC* among our noncoding DNA classes (P Ն Base composition of indels: We compared the base 0.09, all pairwise comparisons, two-tailed t-test). As a composition of deleted and inserted bases within our result, within each recombination category, we pooled autosomal DNAREP1_DM fragments to the base compoour elements into those falling into transcribed sesitions of the aligned regions of the ancestral and daughquences and those falling into untranscribed sequences ter sequences, respectively, to assess potential base comand tested for heterogeneity in substitutional profiles position biases of indel events. While the average GC between these two classes of noncoding sequence. Becontent of deleted bases (52.0%) is significantly higher cause there was no significant difference in GC* bethan the average GC content of the alignable ancestral tween transcribed and untranscribed sequences (P ϭ sequence (45.9%; P Ӷ 0.0001, paired two-tailed t-test), 0.86 and P ϭ 0.84 for low-and high-recombination average GC content of inserted bases (35.0%) is signifiareas, respectively, two-tailed t-test), we pooled these categories as well. We then tested for variation in the cantly lower than average GC content of the alignable Background Substitutional Patterns in Drosophila Figure 4 .-Rates of nucleotide substitution inferred by comparing ancestral and daughter fragments of DNAREP1_DM for Figure 5 .-Observed vs. expected GC content of noncodheterochromatin, low-recombination areas of euchromatin, and ing regions. Expected GC content is estimated from nucleohigh-recombination areas of euchromatin. Error bars denote tide substitution rates; observed GC content was calculated standard error. from these noncoding regions directly. Error bars denote standard error.
daughter fragment (42.0%; P ϭ 0.036, paired two-tailed t-test). It therefore appears that small indels in DNA most noncoding sequence types, although not signifi-REP1_DM have an overall bias toward reducing GC concantly (P Ͼ 0.05 all comparisons, one-tailed t-test). The tent of remaining sequences. However, there is no sigobserved GC content of all noncoding sequences in the nificant correlation between the GC content of either genome does increase significantly with recombination insertions or deletions and recombination rate (Ken-(P Յ 0.002 all comparisons, one-tailed t-test). In addidall's ϭ 0.078 and 0.045; P ϭ 0.57 and 0.43 for insertion, in most cases, the observed GC content is signifitions and deletions, respectively).
cantly higher than would be expected on the basis of Strand noncomplementarity: Using the substitutional our estimates of point substitution rates (P Յ 0.02, twoprofiles inferred from autosomal DNAREP1_DM fragtailed t-test); the only cases where the increase is not ments in heterochromatin, low-recombination areas of eusignificant are the intron, 3Ј-UTR, and downstream sechromatin, and high-recombination areas of euchromaquences in regions of high recombination. tin, we tested for asymmetry in rates of pairs of compleCodon usage: Though not significant, we did detect mentary nucleotide substitutions. In low-recombination differences in rates of background substitutions beareas, where the error on our estimates of substitution tween low-and high-recombination areas of euchromarates is the smallest, four of six pairs of complementary tin on the autosomes of the D. melanogaster genome. substitutions showed significant rate differences: A:T to
In an effort to determine whether these substitutional C:G (P Ӷ 0.0001, two-tailed t-test), A:T to T:A (P ϭ 0.0007, differences were reflected in codon usage patterns, we two-tailed t-test), A:T to G:C (P ϭ 0.0004, two-tailed t-test), examined codon usage patterns for all genes on the autosomes (n ϭ 10,481 genes). On average, optimal and C:G to T:A (P ϭ 0.01, two-tailed t-test). The rate of T to G exceeded the rate of A to C, the rate of T to A codon frequencies of genes in areas of high recombination (53.9%) were significantly higher than optimal coexceeded the rate of A to T, the rate of A to G exceeded the rate of T to C, and the rate of C to T exceeded the don frequencies of genes in low areas of recombination (52.8%; P Ͻ 0.0001, one-tailed t-test) and using Akashi's rate of G to A (Figure 4 ). We were also able to detect significant differences in the same direction in the sub-(1995) definition of major codons did not change these results. We also analyzed codon usage patterns of each stitution rates of the A:T to C:G pair in heterochromatin and high-recombination areas of euchromatin (P Ӷ gene Ͼ200 amino acids (n ϭ 8308 genes) for all amino acids individually, and these data are presented in Table  0 .0001, P ϭ 0.0002, respectively, two-tailed t-test) and the C:G to T:A pair in heterochromatin (P Ͻ 0.0001, 2. Analysis of all genes (including genes Ͻ200 amino acids) did not qualitatively change our results. While two-tailed t-test).
Base composition of noncoding DNA: To examine the frequencies of many optimal codons do increase with recombination, many do not, and there do not the effect of background substitutional patterns on the base composition of noncoding DNA, we compared the appear to be general trends with respect to recombination for GC-ending or AU-ending nonoptimal codon expected equilibrium GC content (GC*) of noncoding regions as inferred from our autosomal substitutional frequencies. Testing for selection: Our estimates of rates of backrate data to the observed GC content of those regions on the autosomes of the D. melanogaster genome ( Figure  ground substitutions from areas of low and high recombination suggest that there may, in fact, be a substitu-5). Expected GC* does increase with recombination for Codon frequencies for all amino acids with synonymous codons in areas of high and low recombination as calculated from autosomal genes. Codons in italics denote optimal codons as defined by Duret and Mouchiroud (1999) . tional bias associated with recombination toward G and model to those amino acids encoded by two codons because codon usage data for threefold, fourfold, and C. To test whether the substitutional bias that we found was sufficient to explain the 1.1% increase in optimal sixfold degenerate amino acids do not fit a simple model of one or two equivalent, preferred codons with the codon frequency between low and high areas of recombination, we examined the fixation probabilities of nonremaining codons equally unpreferred (Table 2) and we were reluctant to fit more complicated models with optimal and optimal codons in our two recombination regimes. If the detected bias in background substitumultiple fitness parameters. We estimated this ratio of fixation probabilities of nonoptimal vs. optimal codons tional patterns is wholly sufficient to explain codon usage patterns, the ratio of the probability of fixation of () for the nine two-state amino acids in areas of both high and low recombination and tested for differences the nonoptimal codon to the probability of fixation of the optimal codon should be unchanged across recomin our estimates of between recombination areas. For all nine amino acids, there were no significant differbination categories. We restricted the application of our Ratio of fixation probabilities () of nonoptimal codons and optimal codons for nine amino acids is shown. Standard errors on the estimates of these ratios are in parentheses and the P-values (one-tailed t-test) of testing for differences between estimates of from areas of low recombination vs. high recombination are also shown. The strength of selection (4N e s) inferred from these fixation probabilities is given for each amino acid in both recombination categories. ences in our estimates of , and the estimated selection Genomic DNAREP1_DM distribution: Because we are trying to quantify variation in background substitutional coefficients were small (4N e s varied from 0.535 to 1.643) in both low and high areas of recombination (Table 3) .
patterns associated with recombination such that it can be used as a null model against which a selective hypothIndeed, our model suggests that to reject a background substitutional model, optimal codon frequencies must esis for codon bias maintenance can be tested, and given the observation that the positive correlation between increase in excess of 4%, in contrast to the observed ‫%2-1ف‬ increases (Table 2 ). In addition, there appears codon bias and recombination is unique to the autosomes of the D. melanogaster genome (N. D. Singh, to be no overall difference in the strength of selection between areas of high and low recombination with re-J. C. Davis and D. A. Petrov, unpublished data), we spect to the fixation of optimal vs. nonoptimal codons restricted our analysis of background substitutional pat-(P ϭ 0.99, paired sign test).
terns to the autosomes of the D. melanogaster genome. On the basis of our BLAST parameters, we retrieved Ͼ1400 fragments of DNAREP1_DM from the autosomes DISCUSSION of the D. melanogaster genome, corresponding to Ͼ230 kb of sequence. We partitioned the hits into those that Rates of recombination: Using Release 3.2 of the D.
fell either into heterochromatin or into euchromatin melanogaster genome from FlyBase, we estimated recomon the basis of the classifications in Release 3.2 of the bination as a continuous function across a chromosome D. melanogaster genome in which heterochromatic auarm. Using a third-order polynomial curve, we fit the tosomal contigs are designated 2h and 3h. While some physical location (in base pairs) to the genetic position heterochromatic sequence may be included in contigs (in centimorgans) using a set of genes that had been 2L, 2R, etc., the inclusion of this heterochromatic selocalized on both maps. For all chromosome arms, there quence within the euchromatic sequence category were very few outliers (overall Ͻ2%) and the fit of the makes our comparisons between heterochromatin and polynomial curve to the rest of the data was quite good euchromatin conservative. (Petrov et al. 1996; Petrov 2002) suggests that 2002), the good fit we obtained gave us confidence that most DNAREP1_DM copies will be riddled with internal our recombination rates do in fact correspond to the deletions. This makes identifying full-length elements relative rates of recombination in different regions of almost impossible given our BLAST criteria. Although we the genome. Our gradient of recombination values capdid merge overlapping hits, multiple fragments extracted tures very low recombination (heterochromatin), lowfrom our BLAST alignments may in fact correspond to recombination areas of euchromatin (Յ2.3 cM/Mb), different segments of the same copy. To circumvent this and high-recombination areas of euchromatin (strictly Ͼ2.3 cM/Mb).
issue of nonindependence, we concatenated all fragments within recombination categories to estimate rates of nuclethis model with respect to transposition would likely affect elements scattered across the genome. Given that we are otide substitutions. As a result, the only metric that may be affected by having individual copies retrieved as multiple specifically comparing substitutional patterns among elements in different regions of recombination, we do not fragments is the hit density (the number of hits per megabase; Figure 2 ). Because the rate of DNA loss is expect a non-star-like phylogeny to systematically bias our results. similar between heterochromatic and euchromatic regions (Blumenstiel et al. 2002) , the result may simply One potential concern with our methodology is that substitutional patterns inferred from DNAREP1_DM be a systematic overestimation of the number of hits per megabase in all recombination categories, which may not be reflective of substitutional patterns across the remainder of the genome. In particular, rates of does not qualitatively affect our results. Independent of the absolute values of hit density, there is a dramatic gene conversion for multiple-copy elements such as DNAREP1_DM may be elevated relative to single-copy trend toward decreased hit density with increased recombination (Figure 2 ). DNAREP1_DM fragment densequences. However, this will primarily affect rates of gene conversion when the elements are very young; as sity is highest in heterochromatic regions and declines rapidly in euchromatic sequence with increasing recomeach copy evolves independently and accumulates substitutions the probability of ectopic recombination or gene bination. Given that large insertions may be mildly deleterious (Nuzhdin 1999; Petrov et al. 2003) , we do exconversion will decrease. Thus, while multiple-copy elements may evolve differently from single-copy sequences pect to see a decrease in the number of copies that reach fixation with increased recombination due to Hillat their inception, this difference should be transient. Patterns of both nucleotide substitutions and indel dyRobertson effects and a probable increase in the density of functionally important sites in the regions of higher namics deduced from single-copy nuclear transpositions of mitochondrial sequences are similar to those found in recombination. In addition, this pattern is consistent with the higher density of other transposable elements multiple-copy sequences such as transposable elements and pseudogenes in D. melanogaster (Petrov 2002 ; in the regions of low recombination in Drosophila (Bartolome et al. 2002; Blumenstiel et al. 2002) .
Singh and Petrov 2004). In addition, population genetic analysis of a fourth chromosome locus in D. melano-DNAREP1_DM fragments are found in all types of noncoding regions, both genic and nongenic (Table gaster containing a DNAREP1_DM copy revealed no differences in mutational patterns between the DNAREP1_ 1). Fragments that do fall within introns of autosomal genes are significantly more likely to fall on the anti-DM fragment and its noncoding flanking sequences (Singh and Petrov 2004) . As a result, it seems likely sense strand than on the sense strand. This agrees well with previous observations and the accompanying hythat the substitutional patterns as estimated from DNAREP1_DM fragments do largely reflect substitupothesis that regulatory motifs of retrotransposable elements are less likely to interfere with proper gene regutional processes across the genome. We used equilibrium GC content (GC*) as a metric lation if they are coded in the opposite direction (Smit 1999; Medstrand et al. 2002) .
that reflected the relative strengths of individual substitutional forces to test for heterogeneity in substitutional Background substitutional patterns: We used a maximum-likelihood procedure (Arndt et al. 2003b ) to estipatterns. Background rates of nucleotide substitutions were not significantly different across types of noncodmate rates for each of the 12 nucleotide substitutions, as well as CpG substitution rates from the comparison ing sequence; that is, the substitutional profile inferred from elements contained in introns was comparable to of the ancestor and daughter DNAREP1_DM sequences. We assumed a star-like phylogeny and used the consenthe substitutional profile estimated from DNAREP1_DM fragments far from genes, for example. This uniformity sus DNAREP1_DM sequence as the presumed ancestral sequence for each extant copy. This assumption of a of the substitutional spectrum is consistent with our understanding of substitutional patterns in Drosophila, star phylogeny has been thoroughly tested previously and the distribution of pairwise distances between exas substitutional patterns estimated from other noncoding sequences have also proven to be indistinguishable tant copies DNAREP1_DM and the presumed ancestral sequence do support a single burst of transposition from one another (Singh and Petrov 2004) . Because our estimates of substitutional rates were internally con- (Singh and Petrov 2004) . DNAREP1_DM fragments are on average 15.2% diverged from the ancestral sesistent, we pooled autosomal hits from different noncoding regions together for each recombination category. quence, which suggests that the burst of transposition occurred ‫6.4ف‬ MYA (Singh and Petrov 2004) . Given
We did detect significant differences in the background substitutional spectrum as approximated by GC* in the this level of divergence, we expect that only 2.3% of sites have undergone multiple substitutions, which suggests three regions of differing recombination rate. GC* in heterochromatic regions was significantly lower than GC* that our inferences regarding the evolutionary history of these elements have not been compromised by parallel in low-recombination areas of euchromatin, which in turn was nearly significantly lower than the GC* in highchanges at individual sites. Even if the true phylogeny of these elements was not star-like, any departure from recombination areas of euchromatin (Figure 3 ). There-fore, it does appear that there is a substitutional bias toward (De Cock et al. 1992; Van Der Helm et al. 1997; Sekelsky et al. 2000) . G and C associated with recombination on the autosomes.
We were able to detect noncomplementarity in the rates This idea has been suggested previously from codon usage of four of the six pairs of complementary nucleotide substipatterns and noncoding GC content (Marais et al. 2001) , tutions. Rates of T to G, T to A, A to G, and C to T sigbut our estimates of GC* are inferred directly from rates nificantly exceeded the rates of their complementary subof nucleotide substitutions in noncoding DNA.
stitutions. It is not immediately clear why this is the case, When we examined the rates of each of the 12 nucleoand it is possible that there are yet unknown neighbortide substitutions more closely, we found few significant dependent effects for nucleotide substitutions in Drodifferences (Figure 4) . Total substitution rate did not sophila or that there are strand biases with respect to significantly increase with recombination, and only one origins of replication, either of which could lead to substitution's rate increased with recombination: the noncomplementarity. rate of A-to-G substitutions was higher in low-recombinaImplications for base composition of noncoding DNA: tion areas of euchromatin as compared to heterochroAlthough we have documented a recombination-associmatin. This suggests that while the rates of individual ated substitutional bias toward G and C on the autosomes nucleotide substitutions may not necessarily change sigof the D. melanogaster genome, the role this bias plays nificantly with recombination, the relative strengths of in modulating the base composition of noncoding DNA these individual nucleotide substitutions can in fact lead is not clear. Given the rapid loss of nonfunctional seto significant differences in equilibrium GC content quences from the genome (Petrov et al. 1996; Petrov across recombination regimes. 2002) and the resulting high rate of sequence turnover The lack of significant increase of the substitution rates at unconstrained intergenic loci (Singh and Petrov with recombination is consistent with previous results 2004) there is little expectation that nonfunctional seshowing similar rates of synonymous divergence in Droquences in the genome should be at equilibrium with sophila genes located in genomic regions with varying respect to single-nucleotide substitutions. Indeed, this recombination rate (Begun and Aquadro 1992; Betan- seems to be the case, as in almost all instances the expected court and Presgraves 2002). This contrasts with the equilibrium GC content of noncoding sequences inferred pattern seen in primates, in which ‫%6ف‬ of substitutions from nucleotide substitution patterns is significantly are apparently associated with the median recombination lower than the observed GC content ( Figure 5 ). The rate of 1.2 cM/Mb (Hellmann et al. 2003) . However, base composition of insertion and deletion events may given the errors on our estimates of total substitution rates also contribute to the GC content of noncoding sein heterochromatin and low-and high-recombination arquences, and our analyses suggest that small indels apeas of euchromatin, we are unable to reject the hypothepear to decrease GC content of intergenic sequences. sis that total substitution rates in D. melanogaster increase While small deletions appear to preferentially remove Ͻ ‫%8ف‬ between recombination categories. As a result, GC-rich sequences, small insertions tend to add AT-rich while we did not detect significant associations between sequences. It is possible that large indels, however, are recombination rate and nucleotide substitution rate, it biased toward increasing GC content. At least with reis not clear whether recombination is associated with spect to large insertions, the high GC content of coding higher nucleotide substitution rates in D. melanogaster.
sequences may result in the large insertions from pseuOur estimates of nucleotide substitution rates also dogene formation and transposable element activity corroborated previous reports of substitutional patterns adding GC-rich sequences into the genome. Furtherin Drosophila. As was found in other noncoding semore, variation in recombination rates over evolutionquences of D. melanogaster (Petrov and Hartl 1999) , ary time may also contribute to the departure from the C:G → T:A transition is the most prevalent substituequilibrium with respect to GC content. Indeed, crosstion, and overall transitions occur more frequently than over frequencies in related species of Drosophila appear transversions, regardless of the location and recombinato be higher than those found in D. melanogaster (True tion regime of the noncoding sequence (Figure 4) . Takano-Shimizu 1999) , which may suggest However, note that the T:A → C:G transition occurs at a recent reduction of rates of recombination in D. melanoa similar rate to transversions. In addition, with respect gaster. Accordingly, while the increases in expected GC to CpG substitutions, estimates for CG → TG and CG → content of noncoding sequences with recombination gen-CA substitutions are indistinguishable from zero ( Figure  erally parallel increases in the observed GC content of 4). This is consistent with the expectation that these rates those sequences ( Figure 5 ), it is not clear that the relationshould be close to zero, as there is no known methylation ship is causative. in the D. melanogaster germline (Lyko et al. 2000) . FurImplications for codon usage: It has been extensively thermore, we found no significant differences in the documented that codon usage bias is positively correrates of nucleotide substitutions between transcribed lated with recombination rate in D. melanogaster, aland untranscribed sequences, which is expected given though this result now appears to hold only for the autosomes (N. D. Singh, J. C. Davis and D. A. Petrov, the lack of transcription-coupled repair in Drosophila unpublished results). The absence of this correlation optimal codons would decrease with increased recombination. A substitutional model would predict that all on the X chromosome led us to limit our quantification of background substitutional patterns to the autosomes, GC-ending codons would increase with increased recombination while AT-ending codons should decrease. such that it would be an appropriate null model. While this positive correlation between recombination rate and Contrary to the predictions of both models, for several amino acids including asparagine, histidine, aspartic codon bias was initially attributed to Hill-Robertson effects (Kliman and Hey 1993; Comeron et al. 1999; Hey and acid, and tyrosine, the GC-ending optimal codon decreases in frequency with increased recombination Kliman 2002), an alternative hypothesis was recently proposed (Marais et al. 2001 (Marais et al. , 2003 . Given that 21 out of 22 while the AT-ending nonoptimal codon concomitantly increases. For several additional amino acids, such as optimal codons end in G or C, a substitutional bias toward G and C that is associated with recombination could leucine, serine, threonine, proline, alanine, and glycine, while some GC-ending nonoptimal codons do decrease putatively explain the increase in the frequencies of optimal codons with recombination. Although we have with recombination, others increase or do not change in frequency. Likewise, although certain AT-ending evidence in support of such a substitutional bias, we asked whether the magnitude of this bias was sufficient nonoptimal codons decrease with increased recombination, others increase or show no change in response to to explain the positive correlation between codon bias and recombination rate found in autosomal genes.
increased recombination.
Because of the diversity of responses of codon usage To test this hypothesis, we examined codon usage patterns for genes on the autosomes of the D. melanogaster to recombination rate, it is likely that a number of additional factors also contribute to codon usage patterns genome. Interspecific sequence comparisons between D. melanogaster and D. simulans suggest that codon usage in Drosophila. However, there is an overall positive correlation between recombination rate and level of codon in D. melanogaster may not be in equilibrium, as there has been a strong reduction in codon bias in D. melanobias on the autosomes of the D. melanogaster genome, and with the exception of five amino acids, all GCgaster that cannot be explained by mutational patterns (Akashi 1996; DuMont et al. 2004) . Given that coding ending optimal codons increase with recombination. We decided to inquire whether one needs to invoke sequences are subject to repeated sampling of the nucleotide substitution process over a long period of time, Hill-Robertson effects above and beyond the differences in background substitutional patterns between regions however, any sequence in the genome that is close to equilibrium with respect to GC content will likely be of high and low recombination to explain recombination-associated patterns of codon usage. To address this coding. As a result, while the assumption of equilibrium of base composition may not apply for all coding sequestion, we used individual codon frequencies for genes in low and high areas of recombination in combination quences in D. melanogaster, we cannot even begin to address whether the magnitude of a substitutional bias with our substitutional rate data from DNAREP1_DM fragments and asked whether a background substitution toward increased GC is sufficient to explain recombination-associated patterns of codon usage in this species model would be sufficient to explain the variation in codon usage associated with recombination. without the assumption of equilibrium.
As have others before us, we found that overall, optiUnder a background substitution model, since selection is not differentially fixing nonoptimal and optimal mal codon frequencies did increase with recombination. However, our estimate of a 1.1% increase in opticodons in different areas of recombination, the ratio of the fixation probabilities of nonoptimal and optimal mal codon frequency with increased recombination is lower than previously reported (Marais et al. 2001, codons should remain unchanged between low-and high-recombination areas. If instead the efficacy of se-2003), which is due in large part to our exclusion of X-linked genes that have both higher recombination lection is increased with increased recombination, then the probability of fixation of an optimal codon will be rates and higher codon bias (N. D. Singh, J. C. Davis and D. A. Petrov, unpublished data). In addition, when increased and the probability of fixation of a nonoptimal codon should be decreased in highly recombining we investigated the response of individual codons to increased recombination, we found that while the freareas. Under this hypothesis, the ratio of the probability of fixation of the nonoptimal codon to the fixation probaquencies of many optimal codons do increase with recombination, many optimal codons actually decrease in bility of the optimal codon should be lower in regions of high recombination. frequency with increased recombination (Table 2) .
This inconsistency in the response of codon usage to While the assumption of strand complementarity with respect to nucleotide substitutions was implicit in the increased recombination is difficult to reconcile with either selective or background substitutional models. If construction of our mathematical model, we recognize the possibility that this assumption is not entirely approthe positive correlation between codon bias and recombination rate were a result of selection on translational priate. Although we were able to detect strand noncomplementarity in the rates of pairs of complementary nucleefficiency, then all optimal codons should increase in frequency with increased recombination, while all nonotide substitutions, we do not know how this asymmetry applies to coding regions of genes. Fortunately for this quence turnover due to the repeated processes of insertion and deletion in Drosophila (Singh and Petrov 2004 ) application, the differences in rates between complementary substitutions, albeit highly statistically signifimeans that noncoding sequences are unlikely to be at equilibrium relative to the background pattern of nuclecant, are quite small in magnitude (Figure 4 ). Therefore, although the assumption of strand complementarity otide substitutions. It is thus difficult to assess the impact of the GC substitutional bias on the base composition is technically incorrect, our model provides good approximate estimates of fixation probability ratios and selecof noncoding DNA, especially considering the ATenriching bias in the base composition of small insertion tion coefficients of optimal codons in D. melanogaster.
None of the nine amino acids to which we applied and deletion events. However, given strong selection for genic function, we do not expect that coding sequences our mathematical model showed significantly different fixation probability ratios between low and high areas within the D. melanogaster genome would be subject to the same sequence turnover as unconstrained loci. As of recombination (Table 3 ). This suggests that at least for these amino acids, a background substitutional model a result, the base composition of coding sequences may, in fact, be closer to equilibrium, and we can estimate is wholly sufficient to explain the relationship between codon bias and recombination rate on the autosomes how much of the recombination-associated variation in codon usage bias in D. melanogaster can be attributed to of the D. melanogaster genome. It should be reiterated that while this substitutional bias may indeed reflect a a recombination-associated substitutional bias toward G and C. Using codon frequencies for nine amino acids, mutational bias, the increase in the rate of substitutions toward G and C associated with recombination may also we found that this background substitutional bias is entirely sufficient to explain differences in codon usage be mediated through biased gene conversion or selection on GC content of both functional and nonfuncassociated with recombination. However, these results do not discount the role of Hill-Robertson interference tional sequences across the genome.
Our inability to detect Hill-Robertson effects on coin modulating codon frequencies of other amino acids or even for particular classes of genes on the autosomes don usage in D. melanogaster does not necessarily imply that increased recombination rates do not increase the of the D. melanogaster genome. Finally, these results do not suggest that selection is not modulating codon freefficacy of selection on codon bias in this species. In fact, Hill-Robertson effects may be operating on a subset of quencies in D. melanogaster. Rather, our data indicate that if indeed there is selection on codon usage, the genes, as suggested by Marais and Piganeau (2002) . It is similarly possible that there is a recombination efficacy of this selection does not noticeably increase with increased recombination. threshold above which linkage among sites is not sufficiently limiting to selection on codon bias (Kliman and 
